Genes encoding NAD(P)H-flavin oxidoreductases (flavin reductases) similar in both size and sequence to Fre, the most abundant flavin reductase in Escherichia coli, were identified in four species of luminous bacteria, Photorhabdus luminescens (ATCC 29999), Vibriofischeri (ATCC 7744), Vibrio harveyi (ATCC 33843), and Vibrio orientalis (ATCC 33934). Nucleotide sequence analysis showed Fre-like flavin reductases in P. luminescens and V. fischeri to consist of 233 and 236 amino acids, respectively. As in E. coli Fre, Fre-like enzymes in luminous bacteria preferably used riboflavin as an electron acceptor when NADPH was used as an electron donor. These enzymes also were good suppliers of reduced flavin mononucleotide (FMNH2) to the bioluminescence reaction.
In the bacterial luminescence reaction, reduced flavin mononucleotide (FMNH2) and long-chain aliphatic aldehyde (R-CHO) are simultaneously oxidized by molecular oxygen, with blue-green light being emitted (5, 12, 25) . The FMNH2-supplying system involves NAD(P)H-flavin oxidoreductase (flavin reductase), which catalyzes the reduction of flavins, including FMN, at the expense of reduced pyridine nucleotides [NAD(P)H] (5, 12, 25) . The overall reaction is as follows: Most luminous bacteria appear to contain multiple flavin reductases different in enzymatic nature and molecular size (12) . For example, Vibrio harveyi contains at least three types of flavin reductases (15, 47) . The 30-kDa enzyme is specific to NADH, whereas the 40-kDa enzyme is NADPH specific, and the third enzyme possibly uses both NADH and NADPH as electron donors. Vibrio fischeri may contain two to three species of flavin reductase. Duane and Hastings (9) identified the major flavin reductase whose molecular weight was estimated at 43 ,000 by gel filtration. Recently, we cloned the gene encoding the major FMN reductase in V. fischeri, FRase I, and purified it virtually to homogeneity from Escherichia coli cells expressing the cloned FRase I (51) . FRase I was capable of using both NADH and NADPH as electron donors (9, 51) . As E. coli Fre were found to be widely distributed in luminous bacteria. These Fre-like enzymes were capable not only of using riboflavin as the most preferred electron acceptor but also of serving as a supplier of FMNH2 to the in vitro bioluminescence reaction. Thus, at least in V. fischeri, two flavin reductases unrelated in sequence and evolution are suggested to be simultaneously used as catalysts for supplying FMNH2 to the bioluminescence system. Although our results indicated that luxG gene products (LuxGs) of luminous bacteria are highly similar in amino acid sequence to Fre-like enzymes, LuxGs constitute a group of proteins distinctly different from that for Fre flavin reductases.
MATERIALS AND METHODS
Enzymes and chemicals. V fischeri luciferase was purchased from Boehringer Mannheim (Indianapolis, Ind.), while restriction enzymes and various DNA-modifying enzymes (polynucleotide kinase, T4 DNA ligase, and so on) were obtained from Nippon Gene (Toyama, Japan), To obo (Osaka, Japan), and Takara Shuzo (Kyoto, Japan). [a-3 P]dCTP (3,000 Ci/mmol) was purchased from ICN Biomedicals (Costa Mesa, Calif.). Oligonucleotides were synthesized with a Biosearch Cyclone DNA synthesizer. FMN (51) . Nucleotide sequences were determined by the dideoxy sequencing method (13) with the BcaBest dideoxy sequencing kit (Takara Shuzo) (45) . Sequence information was analyzed with DNASIS software (Hitachi Software Engineering, Yokohama, Japan) implemented on an NEC-compatible personal computer. Genomic DNA libraries were constructed with P. luminescens and V. fischeri DNAs partially digested with Sau3AI or completely digested with HindIll. Other techniques for molecular cloning have been described by Sambrook et al. (35) .
(ii) Cloning of E. coli and P. luminescens fre genes. After PCR amplification of the genomic DNA of E. coli C600 with the oligonucleotides FRE1 and FRE2 (see Fig. 3 ), amplified DNA was cloned into pCR1000. Nucleotide sequence analysis showed that all clones examined had the entire fre-coding sequence (42) . The insert of pFre2, a clone arbitrarily chosen, was used as a probe for Southern blotting and isolation of pPH3. Moreover, the insert of pPH3 was used as a probe to isolate pPS40 from a Sau3AI partial genomic DNA library of P. luminescens. A 1.1-kb SalI-HpaI fragment of pPS40 was inserted into the Sall-SmaI site of pUC13 to construct pPFR1, in which a putative fre gene of P. luminescens is under control of the lac promoter-operator so that JM83 cells harboring pPFR1 can overproduce P. luminescens Fre protein.
(iii) Cloning of fire genes of V. fischeri, V. harveyi, and V.
orientalis. With FRE3 and FRE4 oligonucleotides (see Fig. 3 (iv) Cloning of lx genes. By using as probes the luxC and luxG DNA fragments prepared in a separate experiment, pLux7, a clone containing the entire lux operon of V. fischeri (3, 43) , was isolated. For construction of pG, an expression plasmid of luxG, a 1.7-kb EcoRV-StuI fragment was inserted into the Hincll site of pTV119N. For expression of the GST-luxG fusion gene, a 47-bp-long double-stranded DNA consisting of two synthetic deoxyoligonucleotide chains (5'-CGGATCCATGATTGTTGATGGCAGAGTTTCAAA GATAGTlTTAGCAT-3' and 5'-CGATGCTAAAACTAT CTTT7GAAACTCTGCCATCAACAATCATGGATC-3') was inserted into the Clal site of pG to make pG'. The 1.5-kb BamHI fragment of pG' was inserted into the BamHI site of pGEX-2T to generate pGST-G. In E. coli cells with pGST-G, the GST-luxG fusion gene is expressed.
Protein analysis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis was carried out essentially as described by Laemmli (19) under reducing conditions with a 15% polyacrylamide gel (1-mm thickness). Protein bands were visualized by staining with Coomassie brilliant blue R-250 (Bio-Rad). Western blot (immunoblot) analysis was performed as described previously (48) . The protein concentration was determined by the dye-binding method of Bradford (7) with bovine gamma globulin as a standard (Bio-Rad).
Enzyme assay. The preparation of cell extracts, column chromatography, the flavin reductase assay, and the bioluminescence reaction were carried out essentially as described previously (51) .
Nucleotide sequence accession number. DDBJ, EMBL, and GenBank accession numbers for the complete DNA sequences of the fre genes of P. luminescens and V fischeri are D17745 and D17744, respectively, while those for the partial DNA sequences of the V harveyi and V orientalis fre genes are D17746 and D17747, respectively. 
RESULTS AND DISCUSSION
Identification of thefre gene of P. luminescens. As a first step to examine whether luminous bacteria contain the gene encoding Fre-like flavin reductase, chromosomal DNA from five species of luminous bacteria was digested with HindlIl, size fractionated on an agarose gel by electrophoresis, and subjected to Southern hybridization with the insert of pFre2 as a probe (Fig. 1) . Under the less-stringent condition used, only a single hybridization band of 4.4 kb was detected in the lane for P. luminescens (lane 1). Since the long open reading frame found in the cloned 4.4-kb DNA fragment was truncated, a more complete clone (pPS40) was isolated from a different library of P. luminescens ( Fig. 2A) (42) . Identification of fre homologs in luminous bacteria other than P. luminescens. To further search for fre homologs in luminous bacteria, redundant PCR primers, FRE3 and FRE4 (Fig. 3) , were made on the basis of the amino acid sequence homology between E. coli Fre and the P. luminescens Fre homolog (Fig. 4) . DNA extracted from V fischeni, V harveyi, V. orientalis, P. phosphoreum, and A. hanedai was subjected to PCR amplification. A single band of 550 bp was detected in all samples except for those for P. phosphoreum and A. hanedai. Nucleotide sequence analysis of cloned, PCR-amplified fragments showed that V fischeri, V harveyi, and V onientalis contain a gene capable of encoding a polypeptide similar in sequence to both E. coli Fre (42) and the P. luminescens Fre homolog (Fig. 4) . This finding was further confirmed by molecular cloning and subsequent sequencing of a V fischeri DNA fragment with a complete sequence encoding the Frelike polypeptide (Fig. 5) . The V. fischeri gene encodes a polypeptide with a length of 236 amino acids (estimated molecular weight, 26,067). Except for a 3-amino-acid-long deletion or insertion, the identity and similarity in amino acid sequence to E. coli Fre (42) were 52 and 72%, respectively, whereas those to P. luminescens were 51 and 67%, respectively (Fig. 4) . The 3' untranslated region of the V. fischeri fre-like gene contains a putative transcription terminator with a stemloop structure (33) , as was found with P. luminescens fre homolog and E. coli fre (Fig. 5B) .
By X-ray crystallography, the atomic structure of spinach ferredoxin-NADP+ reductase, having similarity in sequence to Fre, has been examined and four amino acid sequences (RLYS, TGTG, CG, and EVY) are suggested to be situated at or near the flavin-nicotinamide interaction site (16) . As shown in Fig. 4 of P. luminescens. In both cases, the molecular weights obtained were slightly higher than the molecular weights estimated by using amino acid sequences. When E. coli extracts expressing V. fischeri Fre were used as a source of flavin reductase, about 34-fold stimulation of the bioluminescence reaction was detected (data not shown). Incubation with E. coli extracts expressing P. luminescens Fre resulted in a 10-fold increase bioluminescence. These findings and the fact that FRase I of V fischeri is capable of enhancing the in vitro bioluminescence reaction (51) may suggest that, at least in V fischeri, two flavin reductases, evolutionarily unrelated, and hence having little sequence homology with each other, are involved in supplying FMNH2 to the bioluminescence reaction, although additional in vivo experiments will be needed.
LuxG and Fre proteins form two separate groups of flavinassociated proteins in luminous bacteria. In previous experiments (1, 49) , LuxG proteins of luminous bacteria were shown to be similar in sequence to E. coli Fre (Fig. 4) . Furthermore, as summarized in Fig. 4 , three of four key sequences forming the flavin-nicotinamide interaction site (16) detected in cell extracts of E. coli with the cloned luxG gene or the entire lux enzyme genes (luxCDABEG) of V fischeri. When a GST-luxG fusion gene was expressed in E. coli, almost all GST-LuxG proteins were recovered as inclusion bodies.
Additional discussion. In the present work, we showed evidence that Fre-like flavin reductases with a molecular weight of 30,000 are widely distributed in luminous bacteria. In V. fischeri, the Fre-like enzyme represents only a minor portion of the total flavin reductase activity, while in E. coli, Fre is the major flavin reductase (37) . In contrast, FRase I represents >90% of the total flavin reductase activity in V. fischeri (51) (Fig. 7A) , while its counterpart in E. coli is the nfnB nitroreductase (18, 36) , which is associated with a very low level of flavin reductase activity (50) . These results may suggest that it is the total amount of the reduced form of FMN not the level of expression of individual flavin reductases that is important to bacteria. In other words, flavin reductases are functionally redundant.
The phylogenetic tree shown in Fig. 8 suggests that the luxG and fre genes were generated in evolution by duplication. 
